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Low viscosity of the Earth’s inner core
Anatoly B. Belonoshko1, Jie Fu 2, Taras Bryk 3, Sergei I. Simak 4 & Maurizio Mattesini 5,6
The Earth’s solid inner core is a highly attenuating medium. It consists mainly of iron. The
high attenuation of sound wave propagation in the inner core is at odds with the widely
accepted paradigm of hexagonal close-packed phase stability under inner core conditions,
because sound waves propagate through the hexagonal iron without energy dissipation. Here
we show by ﬁrst-principles molecular dynamics that the body-centered cubic phase of iron,
recently demonstrated to be thermodynamically stable under the inner core conditions, is
considerably less elastic than the hexagonal phase. Being a crystalline phase, the body-
centered cubic phase of iron possesses the viscosity close to that of a liquid iron. The high
attenuation of sound in the inner core is due to the unique diffusion characteristic of the
body-centered cubic phase. The low viscosity of iron in the inner core enables the convection
and resolves a number of controversies.
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The Earth solid inner and liquid outer cores consist mainlyof iron1. This was predicted by Birch before the equation ofstate2 of iron at high pressure and temperature appeared in
the literature. The pressure range of the inner core (IC) is from
330 to 365 GPa3. The temperature is known less precisely, since
the melting temperatures of iron have not been measured at the
IC pressures. Recent assessment4 suggests that the melting tem-
perature of iron in the center of the Earth could be close to 7000
K. It has long been thought that the stable phase of iron under the
IC conditions is the hexagonal close-packed (hcp). However,
recent theoretical4 and experimental4–6 studies point to the sta-
bility of the body-centered cubic (bcc) phase.
There are several properties of the IC that are not compatible
with the hcp stability paradigm. One of these is the attenuation of
the seismic waves passing through the IC. These seismic waves
exhibit strong attenuation7–9. That means the seismic waves
propagating through the IC are losing their energy due to ane-
lasticity. The attenuation in the IC exhibit a complex behavior but
generally is on the level of 0.01–0.0017,8. The hcp phase is quite
elastic and the quality factor of the hcp phase is on the order of
dozens of thousands while the quality factor of the IC is two
orders less than that of the hcp phase10–13.
There were attempts to marry the elasticity of the hcp phase
and anelasticity of the IC. Thus, it was suggested9 that the IC
might contain liquid inclusions. About 10% of liquid in the IC
would explain the high attenuation9, however it was shown that
the liquid, if once present in the core would have been squeezed
out of the IC13. Another, more recently suggested explanation
would require an anisotropic hcp structure and pairing of
impurities10. Both of these features do not exist at the high
temperature in the IC—the hcp phase becomes isotropic at high
temperature14,15 and the pairing of impurities is improbable due
to high entropy. Considering that recent studies4–6 point to the
instability of the hcp phase and stability of the bcc phase in the
Core, one needs to estimate the viscosity of the bcc phase under
the conditions of the IC. We note, that the viscosity of the solid
iron at the pressure 1 bar and high temperature is estimated to be
about 1013 Pa s15. The viscosity magnitude of solid iron, if
extrapolated to the IC pressure and temperature conditions is
expected to be even higher due to the higher pressure.
In contrast with these estimates, we present here the computed
viscosity of iron at IC conditions that is extraordinary low for a
solid. The viscosity of the bcc iron at the pressure of 365 GPa
(pressure at the center of the Earth) is predicted to be in the range
10−1–102 Pa s, close to that of a viscous liquid. Such a low visc-
osity enables convection in the IC, explains experimental con-
troversies and provides explanation for the high attenuation and
low shear resistance in the IC.
Results
Calculations of mean square displacement and diffusion. To
compute the viscosity of the iron bcc phase we performed ab
initio (AIMD) and classical molecular dynamics simulations (see
Methods) of the bcc and hcp iron phases. For the AIMD simu-
lations we have chosen P= 360 GPa and T= 7000 K, the condi-
tions that are close to those at the center of the Earth. We
discovered that while atoms in the hcp phase vibrate around their
crystallographic positions, the atoms in the bcc phase diffuse
along (110) crystallographic planes preserving the bcc structure.
We computed the mean square displacement of iron atoms
(MSD) both in the hcp and bcc phases (Fig. 1).
MSD ¼ h rðtÞ  rð0Þ½ 2i ð1Þ
where r(t) is the vector of the atoms conﬁguration at the time t.
The MSD in both phases behaves in the so called ballistic way in
the beginning of simulations when atoms are just moving out of
their positions increasing the MSD. However, after about 5000
timesteps (the timestep is equal to 10−15 s) from the start of the
simulation the behavior diverges dramatically. The MSD in the
hcp phase ﬂattens out indicating the zero diffusivity (see also
Supplementary Fig. 1), since the diffusion coefﬁcient D and the
MSD are related as follows:
6Dt þ const ¼ MSD ð2Þ
in long time (t) diffusive regime.
Quite differently, the MSD in the bcc phase steadily increases
during the whole simulation (see also Supplementary Fig. 1). The
coefﬁcient of diffusion can be calculated and compared to the
diffusion coefﬁcient in the liquid iron in the outer core, computed
at the same level of theory16 (that, in fact, is quite similar to the
calculations using the embedded atom method17). Table 1
provides a summary of diffusion and viscosity of liquid and
solid phases of iron under conditions of the IC.
Stokes–Einstein viscosity calculations. The viscosity ƞ is calcu-
lated using the Stokes–Einstein relation18
η ¼ kBT=2πaD ð3Þ
where kB is the Boltzmann constant and a is the effective atomic
diameter, approximately equal to the position of the ﬁrst peak of
the radial distribution function (RDF, see Figs. 2 and 3). Another
standard approach for calculations of viscosity of liquids is
through the Green–Kubo relation19,20. The Stokes–Einstein and
Green–Kubo methods provide very close results that can be easily
tested for, e.g., liquid argon and were demonstrated for iron16.
However, to our knowledge, the Green–Kubo approach has not
been applied to crystals. The Green–Kubo approach is converging
very slowly and would require calculation of correlations on even
larger time scale than is needed to compute viscosity via the
Stokes–Einstein approach.
The application of the Stokes–Einstein approach to crystals
with self-diffusion is legitimate, since the diffusion on a large time
and space scales is fully Brownian (Fig. 4; see also Supplementary
Fig. 2). To test whether the mechanism of the diffusion is indeed
the Brownian one, we performed MD simulation with the
embedded-atom method potential21 involving 250,000 atoms for
5,000,000 timesteps at 360 GPa and 7000 K. The calculated MSD
is equal to 20.32 Å, that is on average each atom moved about 4.5
Å. One can see that the atom displacements are randomly
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Fig. 1Mean square displacement of atoms in two iron phases. Mean square
displacement (MSD) computed using conﬁgurations obtained by ab initio
molecular dynamics at the pressure of 365 GPa and temperature 7000 K.
The MSD in the hexagonal close-packed phase (dashed curve) saturates at
about 5000 timesteps indicating no diffusion, while the MSD in the body-
centered cubic phase (solid curve) steadily grows during the whole
simulation indicating the diffusion
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oriented (Fig. 4) being almost spherically symmetric. Certain
modulation due to the crystal structure exists, however, the
central part of the cloud of atoms is mostly spherical. The
character of the diffusion is quite similar to that in the liquid (see
for comparison Supplementary Fig. 2). Clearly, there is no
preferable direction for diffusion, the diffusion over long time is
completely random and the central part of the cloud of atoms is
mostly spherical.
One can see that the viscosity of the bcc iron under conditions
of the IC is comparable to the viscosity of the liquid iron, being
only 40 times larger (the ab initio calculated) than that in the
liquid iron (Table 1). Considering the range of the viscosity that
separates the solid hexagonal and liquid phases (about 16 orders
of magnitude, see Table 1) the iron in the IC is closer to the liquid
than to the solid hexagonal phase viscosity-wise (viscosity of iron
at the pressure 1 bar is about 1010–1013 Pa s22; experiments23 at
65 GPa and 2200 K on Fe–Ni alloy being extrapolated to the
pressure and temperature in the IC suggest viscosity in the range
1020–1022 Pa s). The size of our ab initio MD simulations is close
to the limit of what is currently technically practical. To
investigate the impact of the space and time scale increase we
performed atomistic MD simulations of iron. At this point one
Table 1 The diffusion coefﬁcient D and/or the viscosity ƞ
Material T, K P, GPa D, 10−9 m2 s−1 ƞ, Pa s Ref.
BCC 7000 360 0.183 0.4 This work, ab initio
Liquid 7000 375 6.0 0.01 Alfé et al.16
Liquid 6000 360 5.0 0.015 Alfé et al.16
Liquid 7000 264 8.7 Koći et al.17
Inner core 6000 360 <1016 Buffett49,50
BCC 6000 360 0.0006 130 This work, EAM
BCC 7000 360 0.008 9 This work, EAM
Liquid inclusions in the inner core 6000 360 250 Singh et al.9
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Fig. 2 Radial distribution functions of the body-centered cubic phase.
Two radial distribution functions (RDF) are computed for the system of
1024 Fe atoms using the embedded-atom method (EAM, black solid curve)
and the density functional theory (DFT, red dashed curve) at pressure of
360 GPa and temperature of 7000 K (presumably conditions in the center
of the inner core). The peaks of the EAM RDF are more distinctive and
somewhat displaced in comparison to the DFT RDF. Yet, the similarity is
obvious. The heights and positions of peaks of two plots are very close
to each other
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Fig. 3 Radial distribution functions of two iron phases. The functions are
calculated by ab initio molecular dynamics (AIMD) using density functional
theory for description of energies and forces. The radial distribution
functions are calculated at pressure of 360 GPa and temperature of 7000 K
and 1024 Fe atoms. The body-centered cubic phase (black solid curve)
radial distribution function (RDF) is less structured than the RDF of the
hexagonal close-packed phase (red dashed curve). The peaks of the cubic
phase are lower and the minima are higher than those in the hexagonal
phase. That can be interpreted as the proximity of the cubic phase to the
liquid structure
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Fig. 4 Displacement of atoms in the body-centered cubic Fe. The
displacements are taken from the ﬁnal conﬁguration of atoms computed by
MD as described in the text. The displacements are shown in three
projections. The axes for projections are given as triplets with 1-to-1
correspondence, that is XYZ–YZX corresponds to X–Y, Y–Z, and Z–X
projections. The displacements are shown by small circles with
correspondingly black, red, and purple colors. The atoms are diffusing
through the crystalline positions and at each position they randomly choose
one of the six orthogonal directions. Eventually a spherical random
distribution of diffused atoms is formed, similar to the diffusion in a
liquid state
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might wonder why the bcc phase behaves so differently from the
hcp phase? The atoms in the bcc phase diffuse and that leads to
the efﬁcient mechanism of dissipating the energy of sound waves.
The diffusion also explains why RDF of the bcc is rather liquid-
like (Fig. 3). The hcp RDF has much sharper and higher peaks
than the bcc RDF.
The structure of bcc iron computed for the embedded atom
model developed earlier21 and computed from ﬁrst principles are
rather close to each other (Fig. 4). Therefore, one might expect
that the diffusion appears in the case of both models. Indeed, one
can see (Table 1) that the atoms diffuse both in EAM and ab
initio MD simulations of the bcc phase. The diffusion for the
EAM iron is smaller than the diffusion for the ab initio MD iron,
yet, in comparison to the latest estimates23 of the viscosity in the
IC equal to 1020–1022 Pa s, we can safely state that the EAM and
AIMD lead to the same conclusion: the diffusion of Fe in the IC is
high and the viscosity of iron should be lowered by 15–20 orders
of magnitude, depending on the temperature in the IC.
Viscosity temperature dependence. A more elaborated set of
simulations is presented in Fig. 5. We see that the viscosity of iron
at the pressure of 360 GPa is around 25 Pa s (the one that would
maximize the attenuation in the IC9) at the temperature between
6500 and 7000 K. This is the temperature which is close to the
melting temperature of iron under the pressure in the center of
the core. The viscosity grows considerably on temperature
decrease and becomes around 130 Pa s at 6000 K (Table 1; this is
close to the viscosity of inclusions in Singh et al. paper9). Further
decrease of temperature leads eventually to very high viscosity.
Considering that the diffusion in the bcc phase is due to the
sliding of (110) crystal planes along each other and the fastest
direction of sound propagation is 〈111〉 it would be interesting to
check whether the directions of the attenuation anisotropy and
seismic anisotropy cross at the same angles as the corresponding
diffusion plane and the fastest sound velocity direction in the bcc
structure.
Discussion
A radical (many orders of magnitude) re-evaluation of the visc-
osity of the IC opens new avenues for explanation of the pro-
cesses relevant for the Earth Core. The possibility of the
convection in the IC was proposed24 assuming viscosity 109 Pa s,
about 10 orders of magnitude smaller than the latest estimate23.
As we now know, the viscosity might be much lower than that
allowing for convection in the IC. The speed of the convection in
the outer core was estimated25 at the level of 10−4 m s−1. The
viscosity in the IC (Table 1) is about 1–4 orders of magnitude
larger than in the outer core, depending on the temperature and
AIMD/EAM source. Assuming linear dependence of the speed of
convection on viscosity, the speed of convection in the IC varies
between 0.3 and 300 m year−126. Such a motion at the top of the
IC can explain the change of the topography at the IC27 surface.
Therefore, the suggested differential rotation of the IC27 might
not be necessary for explanation of the seismic data.
The low viscosity of the bcc phase allows to explain the seismic
anisotropy and the low shear modulus28,29. Moreover, the bcc
phase has the density that matches the density of the IC better
than the hcp phase4. Indeed, the convection in the IC, enabled by
the low bcc viscosity, leads to appearance of texture24 in the
upper part of the IC, which is the most anisotropic part of the IC.
The anomalously low shear modulus of the IC is due to the low
viscosity of the bcc phase.
The diffusion and liquid-like features of the solid bcc phase
allow to resolve the long-standing controversy between the low
and high melting curves. In 1993, using DAC with laser heating
Boehler reported30 iron melting curve up to the pressures of
almost 2 Mbar. The highest melting temperature at that pressure
was under 4000 K. The gradient of the curve was such that
extrapolation to the pressures of the IC (330–364 GPa) placed the
temperature of the IC under 5000 K. That was in sharp contrast
with shock-wave studies. The melting in the early DAC experi-
ments was detected by the visual detection of liquid-like fea-
tures30. As we now know those liquid-like features are the
features of the bcc iron. Subsequent theoretical predictions21,31,32
placed melting curve of iron well above the early DAC mea-
surements, providing melting temperatures of iron at the IC
pressures between 6500 and 7500 K, in good agreement with
shock-wave data. The controversy seemed to be resolved when
Anzellini et al.33 published the melting curve in good agreement
with the theoretical predictions. However, recent experimental
study34 that used X-ray absorption spectroscopy, very sensitive to
liquid-like features, conﬁrmed the earlier “low” melting curve.
Nowadays we know that the bcc phase does possess liquid-like
features (diffusion) that lead to the modiﬁcations of the absorp-
tion spectra. Therefore, instead of the conﬁrmation of the melt-
ing, the new experimental data corroborates the hcp–bcc phase
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Fig. 5 Rheology of the body centered cubic iron. Calculated mean square
displacement (MSD, upper part), diffusion coefﬁcient (middle), and
viscosity (bottom) using the embedded atom method21 model of iron.
Molecular dynamics runs were performed for 2,048,000 atoms for
1,000,000 timesteps at a number of temperatures and the pressure of
360 GPa. The temperature varied from 5500 to 7750 K (see the legend
in the upper part). The MSD curves are comparably ﬂat up to 6000 K;
above that temperature much stronger diffusion is observed. The diffusion
(middle part) becomes very large at temperatures above 6300 K
demonstrating exponential dependence on temperature. The viscosity
(bottom) behavior is irregular below 6000 K because of comparably low
diffusivity but above 6000 K exhibit a regular linear behavior in the
logarithmic scale. Even at the lowest temperature of 5500 K the viscosity
is still very low
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transition in iron. This is also independently conﬁrmed by the
latest experimental results6.
The proximity of the liquid and bcc iron viscosities is quite
remarkable and explains why the idea of liquid inclusions in the
IC was so successful. The difference, however, is that one does not
need the inclusions—the viscosity of solid iron is close to the
viscosity of a liquid. Note, that the scenario where the liquid
inclusions are substituted by bcc inclusions in the hcp matrix is
not viable because the stable phase of iron in the IC is the bcc
phase. The viscosity of the hcp iron is many orders of magnitude
larger23,25 than the viscosity of the bcc phase. The latter is, in fact,
quantitatively close to what would be required of the viscosity of
the liquid inclusions (at the level of 10% of volume9). The quality
factor in the IC is in the range of several hundreds7–13. To match
this quality factor, Singh et al.9 assumed that the IC contains
liquid inclusions, since the hcp—at that time the commonly
considered stable phase of iron under the IC conditions—has the
quality factor of thousands or even dozens of thousands, being
almost perfectly elastic. To match the attenuation in the IC, it was
required to have 10% of IC as a liquid with the viscosity of about
250 Pa s. This number is rather close to the range of viscosities
computed in this paper for the Fe bcc phase at the IC
pressure–temperature conditions (see Table 1). Also, we see
(Methods, Supplementary Fig. 3, Supplementary Tables 1 and 2)
that the sound damping in bcc iron is similar to the sound
damping in liquid. The speed of sound in the center of the core is
11.26 km s−3 and this rather well compares to the speed of sound
in the bcc phase (12.55 km s−1).
The discussion would be incomplete without discussing the
impact of impurities on the viscosity of IC. Since iron is denser
than the IC, it is likely that Fe in the IC is not pure but rather a
mixture of Fe and light impurities, such as Si, S, C, O, and H.
While the impurities might enter the Fe lattice in many different
ways, if we simply consider a substitution of Fe atoms by light
elements without volume change, it would require less than 5% of
Fe atoms to be substituted by the impurities to match the density
of the IC3,4. We note, that all current estimates of the light
impurities content in the IC are based on the equation of state of
the hcp iron. Rigorous evaluation of the content of impurities, the
mechanism of mixing etc. has yet to be measured and computed
for the high-PT bcc Fe phase. Currently, it is plausible to suggest
that the properties of the 5% impure bcc Fe phase can be rather
well approximated by the pure bcc Fe.
Another issue is the amount of Ni in the IC. This is more
difﬁcult to estimate, since the atomic weight of Ni is close to that
of Fe. Currently, a content of Ni at about 10% is considered as
most probable35. We also note, that adding Ni to Fe promotes
stability of the bcc phase35. Since the diffusion and low viscosity
of Fe is due to particular structure and dynamic stabilization by
high temperature, the addition of Ni will not change the viscosity
estimate. Certainly, even though 5% of light elements might lead
to a complex mineralogical composition of the IC, it has to be
stressed that the major phase is still the almost pure bcc Fe. The
impact of Ni and light elements is very likely marginal. The
impact of light elements on viscosity of the bcc Fe is best
understood if one considers the mechanism of the diffusion in the
high-PT bcc Fe. The reason for the diffusion is the dynamic
instability of the bcc Fe at high P and low T. The (110) layers
sliding one along another in combination with relative disorder
caused by a high T leads to motion of atoms along these layers. It
is quite different from the mechanism of diffusion in dynamically
stable phases where the diffusion is controlled by rare jumps over
potential barriers. The former mechanism is responsible for the
diffusion of Fe atoms in the high-PT bcc structure and it is not
sensitive to light elements as long as impurities do not remove the
dynamic instability of the high-P–low-T bcc Fe phase. Clearly,
under 5% of light elements are not capable of that ab initio MD is
routinely performed with 64 atoms—if 3 atoms of these 64 are
substituted by carbon that would not change the energy differ-
ence between the ideal bcc structure and the wave-mediated one
(see Figure 1 in ref. 4). Considering the limited impact of
impurities, we conclude that while quantitatively the viscosity of
impure Fe would be somewhat different from the case of pure Fe,
qualitatively it is exactly the same.
The stabilization of the bcc phase drastically changes the pic-
ture of the IC—from being incompatible with the almost ideally
elastic hcp phase it becomes free from multiple enigmas and
compatible with the bcc phase. The low viscosity of the bcc phase
ﬁts the IC very nicely. Considering the statistical errors of the ab
initio MD (because of the small number of atoms and short time
of MD runs the errors are comparably high) and deﬁciencies of
the embedded atom model (with negligible statistical errors) we
estimate the error of viscosity is mostly due to the differences in
model—about an order of magnitude. The impact of statistical
errors is much smaller than the order of magnitude. Besides, the
viscosity strongly depends on temperature (Fig. 5). Since the
calculated viscosity is reasonably close to the viscosity that mat-
ches the IC attenuation7–13 such a strong temperature sensitivity
might provide additional constraints on the temperature in the
IC. In this case, however, more detailed calculations would be
required. Namely, one would need to perform calculations
varying the pressure in the IC range (330–364 GPa) and tem-
perature. Note, that the simulations in this paper are performed
for pressure 360 GPa. We expect the impact of pressure change
within the IC pressure range to be small in comparison to the
impact of temperature.
Recent diamond anvil cell studies36 claim to measure iron at
the core conditions. However, the temperature, as suggested by
the authors of ref. 37 who analyzed the width of the peaks of the
X-ray spectra36, does not probably exceed 4000–5000 K37. This is
considerably lower than the IC temperature range. Besides,
according to ref. 37, the changes in the X-ray spectra36 can be
explained by the iron carbide formation or the bcc phase
stabilization37.
The most recent experimental study38 reported melting tem-
peratures of iron up to the pressure of 290 GPa. The study relied
on observation of a plateau in the voltage–temperature plot. Such
a plateau was observed at low pressure where the melting was
independently checked by X-ray diffraction. At higher pressure,
where the hcp–bcc transition was predicted and recently experi-
mentally conﬁrmed, the same plateau was observed without
independent check by the X-ray. We know now that the bcc
phase is similar to liquid diffusion-wise and, therefore, the heat
can be efﬁciently evacuated on the hcp–bcc transition resulting in
the plateau similar to that observed on melting.
High-PT studies on iron are full of controversies both on
theoretical and experimental side. Quite natural, a general pro-
gress in theory and technique suggests preference for recent
studies rather than for outdated ones. The recent data supports
the stability of the high-PT bcc Fe phase. Considering that latest
experiments5,6 support theoretical predictions on the bcc stabi-
lization on heating under high pressure, there is little doubt that
the IC is composed of the bcc phase of iron. Current experiments
on properties of iron, such as equation of state, rheology, solu-
bility of light components are all based on the assumption that
the stable phase of iron in the IC is the hcp. Taking into account
that the hcp and bcc phases have very different properties, it
might be that all the extrapolations from the accessible to
experiment range of P and T to the P and T of the IC are off by a
large amount, similar to the difference in the viscosity of hcp and
bcc (i.e., many orders of magnitude). The liquid-like diffusion in a
monatomic solid is a unique phenomenon. The fact, that this
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phenomenon allows to explain such an enigmatic property of IC
as the high attenuation is quite unlikely to be fortuitous. It is
timely that the focus of the Core research is concentrated on the
bcc phase.
The body-centered phase of iron stable under the pressure and
temperature of the Earth IC is the material with uniquely low
viscosity. Considering that iron is the major component of the IC,
we can conclude that the IC has a very low viscosity, so far it was
believed that only liquids can have such viscosity. This material is
truly unique and that explains the unique properties of the IC.
Such features of the IC as the high attenuation, its differential
rotation, the convection, formation of the lattice preferred
orientation resulting in the seismic anisotropy, and the low shear
resistance receive a natural explanation.
Methods
Ab initio molecular dynamics. The energies and forces were calculated within
the framework of the frozen-core all-electron projector augmented wave
(PAW) method39, as implemented in the Vienna Ab initio Simulation Package
(VASP)40–42. The energy cut-off was set to 400 eV. Exchange and correlation
potentials were treated within the generalized gradient approximation (GGA)43,44.
Fourteen electrons were considered as valence, therefore any overlapping of core
states at high pressures and temperatures was avoided. The ﬁnite temperatures for
the electronic structure and force calculations were implemented within the
Fermi–Dirac smearing approach45. All necessary convergence tests were per-
formed, the electronic steps converged within 0.0001 meV atom−1. The ab initio
molecular dynamics runs have been performed in the NPT (N—number of atoms,
P—pressure, T—temperature) ensemble for a given pressure and temperature. We
used supercells with 1024 atoms for both bcc and hcp runs. Tests have shown that
Γ-point is sufﬁcient at these sizes. The timestep was set to 1 fs and the runs
continued for up to 18,000 timesteps.
Classical molecular dynamics. Classical MD runs have been performed in NVT
and NPT ensembles using the Lennard–Jones potential for Ar and embedded-atom
potential for Fe21. The number of particles in classical MD simulations ranged
from 4000 to 2,048,000 and were run for up to several millions of timesteps. The
MD simulations have been performed using LAMMPS package46.
Calculations of sound dumping. For comparison with the diffusion in the bcc
phase of Fe we performed a similar simulation of liquid Ar interacting with
Lennard–Jones potential (Supplementary Fig. 2). While some differences in the
diffusion pattern do exist, the diffusion in solid Fe (Fig. 4) and liquid Ar (Sup-
plementary Fig. 2) is very similar. The central part of the cloud of atoms is mostly
spherical in both cases. We note, that on further time increase the similarity will be
even more pronounced due to the growth of the central spherical region (Fig. 4).
Clearly, there is no preferable direction for diffusion, the diffusion over long time is
completely random and the Stokes–Einstein estimate is justiﬁed.
We have studied the propagation of sound excitations in condensed matter by
molecular dynamics simulations using the interaction models developed earlier,
namely the Lennard–Jones and the EAM21 potentials. A sound wave represents the
periodic propagation of densiﬁcation and rarefaction. Propagating acoustic modes
can be described and analyzed by analytical models for corresponding time
correlation functions47. These time correlation functions can be directly calculated
from molecular dynamics simulations. In general, the damping of sound in studied
systems can be analyzed from imaginary part of density response function
Im χðk; tÞ, which is connected via time derivative to the regular density–density
time correlation function Fnnðk; tÞ48.
For liquids the long-wavelength asymptotic equation for the density–density
time correlation function Fnnðk; tÞ reads47,48
Fnn k; tð Þ=Fnn k; t ¼ 0ð Þ ¼ AnneDTk
2 t þ Bnncos csktð Þ þ Dnn kð Þsin csktð Þ½ eΓk
2 t
ð4Þ
where Ann k ! 0ð Þ ¼ 1 γ1, Bnn k ! 0ð Þ ¼ γ1, Γ ¼ ðDL þ ðγ 1ÞDT Þ=2 is the
sound damping coefﬁcient expressed via kinematic viscosity DL and thermal
diffusivity DT, γ ¼ CP=CV is ratio of speciﬁc heats, cs—speed of sound and
DnnðkÞ ¼ 3ΓDLγcs k. Equation 4 is consistent with the continuity equation and hence
with the longitudinal current–current correlations
FLJJ k; tð Þ ¼ 
1
k2
d
dt2
Fnnðk; tÞ ð5Þ
with the correct initial value (zero sum rule for current autocorrelations)
FLJJ k; t ¼ 0ð Þ ¼ kBT=m, where T and m are temperature and atomic mass,
respectively48. Each of the three time correlation functions, Fnnðk; tÞ, χðk; tÞ,
FLJJ k; tð Þ, contains all the information about spatial dispersion and damping of
longitudinal acoustic modes. Note, that the relaxation mode in hydrodynamic
Eq. 4 corresponds to the thermal relaxation with the thermal diffusivity coefﬁcient
DT (diffusivity of local temperature), that contributes to sound damping in liquids.
In crystals, however, sound damping is deﬁned by anharmonicity of phonons and
electron-ion coupling. At high temperatures the crystal structure can coexist with
non-zero diffusion of atoms along some symmetric lines4. In that case the release of
the stress caused by structural relaxation should appear. An account for such a
relaxation can be made within the viscoelastic model, for which the density–density
time correlation function can be represented as follows:
Fnn k; tð Þ=Fnn k; t ¼ 0ð Þ ¼ Annet=τσ þ 1 Annð Þcos csktð Þ þ Dnn kð ÞsinðcsktÞ½ eΓk
2 t
ð6Þ
where τσ is the speciﬁc timescale of stress relaxation, related to kinematic viscosity.
The ﬁts to molecular dynamics data are provided in Supplementary Table 1
(for liquid) and in Supplementary Table 2 (for crystals).
Data availability
The datasets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request.
Code availability
The Vienna Ab Initio Simulation Package (VASP) is a proprietary software available for
purchase at https://www.vasp.at/. The LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator) package is available at https://lammps.sandia.gov/.
Received: 15 February 2018 Accepted: 8 May 2019
References
1. Birch, F. Elasticity and constitution of the Earth’s interior. J. Geophys. Res. 57,
227–286 (1952).
2. Al’tshuller, L. V., Krupnikov, K. K., Lednev, B. N., Zhuchikhin, V. I. &
Brazhnik, M. I. Dynamic compressibility and equation of state of iron under
high pressure. Zhur. Exptl. I Teor. Fiz. 34, 874–877 (1958).
3. Dziewonski, A. M. & Anderson, D. L. Preliminary reference Earth model.
Phys. Earth Planet. Inter. 25, 297–356 (1981).
4. Belonoshko, A. B. et al. Stabilization of body-centred cubic iron under inner-
core conditions. Nat. Geosci. 10, 312–316 (2017).
5. Ping, Y. et al. Solid iron compressed up to 560 GPa. Phys. Rev. Lett. 111,
065501 (2013).
6. Hrubiak, R., Meng, Y. & Shen, G. Experimental evidence of body centered
cubic iron in Earth’s Core. Preprint at http://arxiv.org/abs/1804.05109 (2018).
7. Pejic, T., Tkalčić, H., Sambridge, M., Cormier, V. F. & Bemvente, R.
Attenuation tomography of the upper inner core. J. Geophys. Res. https://doi.
org/10.1002/2016JB013692 (2017).
8. Tkalčić, H. The Earth Inner Core Revealed by Observational Seismology 38–130
(Cambridge University Press, Cambridge, UK 2017).
9. Singh, S. C., Taylor, M. A. J. & Montagner, J. P. On the Presence of Liquid in
Earth’s Inner Core. Science 287, 2471–2474 (2000).
10. Mäkinen, A. M., Deuss, A. & Redfern, S. A. T. Anisotropy of Earth’s inner
core intrinsic attenuation from seismic normal mode models. Earth Planet.
Sci. Lett. 404, 354–364 (2014).
11. Souriau, A. & Roudil, P. Attenuation in the uppermost inner core from
broadband GEOSCOPE PKP data. Geophys. J. Int. 123, 572 (1995).
12. Bhattacharyya, J., Shearer, P. & Masters, G. Inner-core attenuation from short-
period PKP(BC) versus PKP(DF) wave-forms. Geophys. J. Int. 122, 108 (1995).
13. Sumita, I., Yoshida, S., Kumazawa, M. & Hamano, Y. A model for sedimentary
compaction of a viscous medium and its application to inner-core growth.
Geophys. J. Int. 124, 502 (1996).
14. Belonoshko, A. B., Ahuja, R. & Johansson, B. Stability of the body-centered-
cubic phase of iron in the Earth’s inner core. Nature 424, 1032–1034 (2003).
15. Sha, X. & Cohen, R. E. Lattice dynamics and thermodynamics of bcc iron
under pressure: ﬁrst-principles linear response study. Phys. Rev. B 73, 104303
(2006).
16. Alfé, D., Kresse, G. & Gillan, M. J. Structure and dynamics of liquid iron under
Earth’s core conditions. Phys. Rev. B 61, 132–142 (2000).
17. Koći, L., Belonoshko, A. B. & Ahuja, R. Molecular dynamics study of liquid iron
under high pressure and high temperature. Phys. Rev. B 73, 224113 (2006).
18. Einstein, A. Über die von der molekularkinetischen Theorie der Wärme
geforderte Bewegung von in ruhenden Flüssigkeiten suspendierten Teilchen.
Ann. Phys. 17, 549–560 (1905).
19. Green, M. S. Markoff random processes and the statistical mechanics of time-
dependent phenomena. II. Irreversible processes in ﬂuids. J. Chem. Phys. 22,
398–413 (1954).
ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10346-2
6 NATURE COMMUNICATIONS |         (2019) 10:2483 | https://doi.org/10.1038/s41467-019-10346-2 | www.nature.com/naturecommunications
20. Kubo, R. Statistical–mechanical theory of irreversible processes. I. General
theory and simple applications to magnetic and conduction problems. J. Phys.
Soc. Jpn. 12, 570–586 (1957).
21. Belonoshko, A. B., Ahuja, R. & Johansson, B. Quasi ab initio molecular
dynamic study of Fe melting. Phys. Rev. Lett. 84, 3638–3641 (2000).
22. Frost, H. J. & Ashby, M. F. Deformation Mechanism Maps. (Pergamon Press,
Oxford, 1982).
23. Reaman, D. M., Colijn, H. O., Yang, F., Hauser, A. J. & Panero, W. R.
Interdiffusion of Earth’s core materials to 65 GPa and 2200 K. Earth Planet.
Sci. Lett. 349–350, 8–14 (2012).
24. Jeanloz, R. & Wenk, H.-R. Convection and anisotropy of the inner core.
Geophys. Res. Lett. 15, 72–75 (1988).
25. Deguen, R. Structure and dynamics of Earth’s inner core. Earth Planet. Sci.
Lett. 333–334, 211–225 (2012).
26. Stokes, G. G. On the theories of the internal friction in ﬂuids in motion, and of
the equilibrium and motion of elastic solids. Trans. Camb. Philos. Soc. 22,
287–342 (1845).
27. Song, X. & Richards, P. G. Seismological evidence for differential rotation of
the Earth’s inner core. Nature 382, 221–224 (1996).
28. Belonoshko, A. B. et al. Origin of the low rigidity of the Earth’s inner core.
Science 316, 1603–1605 (2007).
29. Belonoshko, A. B., Skorodumova, N. V., Rosengren, A. & Johansson, B. Elastic
anisotropy of the Earth’s inner core. Science 319, 797–799 (2008).
30. Boehler, R. Temperatures in the Earth’s core from melting-point
measurements of iron at high static pressures. Nature 363, 534–536 (1993).
31. Belonoshko, A. B. & Ahuja, R. Embedded-atom molecular dynamic study of
iron melting. Phys. Earth Planet. Inter. 102, 171–190 (1997).
32. Alfé, D., Gillan, M. J. & Price, G. D. The melting curve of iron at the pressures
of the Earth’s core from ab initio calculations. Nature 401, 462–464 (1999).
33. Anzellini, S., Dewaele, A., Mezouar, M., Loubeyre, P. & Morard, G. Melting of
iron at Earth’s inner core boundary based on fast X-ray diffraction. Science
340, 464–466 (2013).
34. Aquilanti, G. et al. Melting of iron determined by X-ray absorption
spectroscopy to 100 Gpa. Proc. Natl. Acad. Sci. U.S.A. 112, 12042–12045
(2015).
35. Dubrovinsky, L. et al. Body-centered cubic iron-nickel alloy in Earth’s core.
Science 316, 1880–1883 (2007).
36. Tateno, S., Hirose, K., Ohishi, Y. & Tatsumi, Y. The structure of iron in Earth’s
inner core. Science 330, 359–362 (2010).
37. Dubrovinsky, L., Dubrovinskaia, N. & Prakapenka, V. Is iron at the Earth’s
core conditions hcp-structured? Fis. Terra 23, 73–82 (2011).
38. Sinmyo, R., Hirose, K. & Ohishi, Y. Melting curve of iron to 290 GPa
determined in a resistance-heated diamond anvil cell. Earth Planet. Sci. Lett.
510, 45–52 (2019).
39. Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953–17979
(1994).
40. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector
augmented-wave method. Phys. Rev. B 59, 1758–1775 (1999).
41. Kresse, G. & Hafner, J. Ab-initio molecular-dynamics for open-shell
transition-metals. Phys. Rev. B 48, 13115–13118 (1993).
42. Kresse, G. & Furthmüller, J. Efﬁciency of ab-initio total energy calculations for
metals and semiconductors using a plane-wave basis set. Comput. Mater. Sci.
6, 15–50 (1996).
43. Wang, Y. & Perdew, J. P. Correlation hole of the spin-polarized electron-gas,
with exact small-wave-vector and high-density scaling. Phys. Rev. B 44,
13298–13307 (1991).
44. Perdew, J. P. et al. Atoms, molecules, solids, and surfaces—applications of the
generalized gradient approximation for exchange and correlation. Phys. Rev. B
46, 6671–6687 (1992).
45. Mermin, N. D. Thermal properties of the inhomogeneous electron gas. Phys.
Rev. 137, A1441 (1965).
46. Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. J.
Comput. Phys. 117, 1–19 (1995).
47. Boon, J.-P. & Yip, S. Molecular Hydrodynamics (McGraw-Hill, New York
1980).
48. Cohen, C., Sutherland, J. W. H. & Deutch, J. M. Hydrodynamic correlation
functions for binary mixtures. Phys. Chem. Liq. 2, 213–235 (1971).
49. Buffett, B. A. Earth’s core and the geodynamo. Science 288, 2007–2012 (2000).
50. Buffet, B. A. Geodynamic estimates of the viscosity of the Earth’s inner core.
Nature 388, 571–573 (1997).
Acknowledgements
Computations were performed using the facilities at the Swedish National Infrastructure
for Computing (SNIC) located at the National Supercomputing Center in Linköping. The
authors also wish to thank the Swedish Research Council (VR) for ﬁnancial support
(Grants 2013-5767, 2014-4750, and 2017-03744) and National Natural Science Foun-
dation of China (Grant No. 11804175). A.B.B. and T.B. acknowledge support from Olle
Engkvist Byggmästare Foundation. S.I.S. acknowledges the support from the Swedish
Government Strategic Research Area in Materials Science on Functional Materials at
Linköping University (Faculty Grant SFO-MatLiU No. 2009 00971). M.M. acknowledges
ﬁnancial support by the Spanish Ministry of Economy and Competitiveness (CGL2013-
41860-P and CGL2017-86070-R).
Author contributions
A.B.B. and M.M. designed the study. A.B.B. performed calculations and wrote the paper.
J.F., T.B., and S.I.S. performed calculations. All authors discussed the results and con-
tributed to paper writing.
Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-10346-2.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Journal peer review information: Nature Communications thanks the anonymous
reviewer(s) for their contribution to the peer review of this work. Peer reviewer reports
are available.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2019
NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10346-2 ARTICLE
NATURE COMMUNICATIONS |         (2019) 10:2483 | https://doi.org/10.1038/s41467-019-10346-2 | www.nature.com/naturecommunications 7
